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Abstract 

A  series  of  lithium  borates  with  two  oligoether  chains  and  two  electron  withdrawing  groups  directly  bonded  to  the  ate  complex  center 
were  prepared.  Ionic  conductivity  as  high  as  4.5  x  10~5  S/cm  was  achieved  at  30  °C  for  Salt  A(n  =  7.2).  Lithium  borates  exhibited  much 
higher  ionic  conductivities  than  corresponding  lithium  aluminates,  which  was  explained  by  the  partial  charges  on  oxygen  atoms  obtained 
from  MOPAC  calculation  and  by  the  results  of  fitting  Vogel-Tammann-Fulcher  (VTF)  equation  to  conductivity  data.  Lithium  borates 
also  exhibited  high  lithium  ion  transference  numbers  (7^ )  and  satisfactory  electrochemical  stabilities.  They  were  considered  as  promising 
materials  for  lithium  battery  application. 
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1.  Introduction 

Solid  polymer  electrolytes  are  thought  of  as  alternatives 
to  liquid  electrolytes  due  to  their  high  energy  densities,  good 
electrochemical  and  thermal  stabilities,  easy  workability  and 
high  safety  [1,2].  They  are  normally  obtained  by  dissolv¬ 
ing  weak  ion  pairing  lithium  salts  into  polymer  matrices. 
Poly(ethylene  oxide)  (PEO)  is  the  most  studied  host  poly¬ 
mer  because  of  its  high  solubility  for  inorganic  salts  [3-5]. 
However,  low  ionic  conductivity  at  room  temperature  due  to 
the  crystallization  of  PEO  restricts  the  application  of  PEO 
based  electrolytes  in  lithium  battery  [6,7].  Hyper-branched 
systems  [8,9],  cross-linked  polymers  [10-12],  and  comb-like 
polymers  [13-15]  were  developed  and  worked  as  host  poly¬ 
mers.  These  polymer  electrolytes  show  high  ionic  conduc¬ 
tivities  even  at  room  temperature.  But  due  to  the  low  salt 
solubility,  it  is  difficult  to  further  increase  the  concentra¬ 
tion  of  charge  carriers  in  these  systems.  It  should  also  be 
noted  that  these  polymer  electrolytes  are  dual-ion  conduc¬ 
tion  systems,  lithium  ion  transference  number  is  usually 
low,  normally  <0.4  [16].  A  build-up  of  concentration  gradi¬ 
ent  of  ions,  i.e.  polarization  of  cell,  will  be  resulted  during 
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charge-discharge  cycling,  which  leads  to  the  increase  of  re¬ 
sistance  of  electrolyte  and  other  safety  problems.  Therefore, 
single  ion  conducting  polymer  electrolytes  are  favored  for 
lithium  ion  secondary  batteries  [17].  However,  the  strong 
ion  pairing  between  lithium  ion  and  polymer  anion  greatly 
depressed  the  ionic  conductivity  [18,19].  Recently,  it  was 
reported  that  polysiloxanes  containing  trifluoromethylsul- 
fonamide  anions  and  oligoether  side  chains  [20],  and  ox¬ 
alate  capped  orthoborates  containing  poly  ether  chains  [21] 
showed  relatively  high  ionic  conductivities  (^10_5S/cm 
at  30  °C)  due  to  weak  ion  pairing  structures.  Our  labora¬ 
tory  reported  a  single  ion  conducting  siloxyaluminate  poly¬ 
mer  exhibiting  the  same  magnitude  of  ionic  conductivity 
[22]. 

In  order  to  obtain  a  completely  amorous  lithium  ion 
conducting  electrolyte  containing  a  large  number  of  charge 
carriers  as  well  as  high  lithium  ion  mobility,  we  had  bonded 
oligoether  chains  and  electron  withdrawing  groups  to  alu¬ 
minum  to  get  lithium  aluminates.  Good  performance  was 
observed  for  this  aluminates  [23].  In  this  work,  several 
lithium  borates  were  synthesized.  They  exhibited  much 
better  performance  than  corresponding  lithium  aluminates. 
The  relationship  between  the  structures  and  performance 
was  revealed  by  the  MOPAC  calculation  and  VTF  fitting 
results. 
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Scheme  1.  Synthetic  process  for  Salt  A (n). 

2.  Experimental 

2.7.  Synthesis 

LiBFLt  (2.0  M  solution  in  tetrahydrofuran  (THF), 
Aldrich),  LLAIH4  (1M  solution  in  THF,  Adrich),  tri- 
fluoroacetic  acid  (CF3COOH,  Kanto  Chemicals),  and 
pentafluorophenol  (C6F5OH,  Adrich)  were  used  as  sup¬ 
plied.  Tri(ethylene  glycol)  monomethyl  ether  (TEGMME, 
Tokyo  Kasei)  was  dried  by  distillation  at  reduced  pressure. 
Poly(ethylene  glycol)  monomethyl  ethers  with  molecular 
weights  of  350  and  550  (CH30(CH2CH20)7.2H,  PEGMME 
350  and  CH30(CH2CH20)iL8H,  PEGMME  550)  were 
dried  by  dry  nitrogen  bubbling  under  partial  vacuum  for  at 
least  24  h  and  were  stored  over  molecular  sieves  prior  to 
use.  THF  was  dried  by  refluxing  over  sodium  prior  to  use. 
Unless  otherwise  stated,  all  manipulations  were  carried  out 
on  a  dry  nitrogen/vacuum  line  or  in  an  argon  filled  glovebox 
for  exclusion  of  moisture. 

Lithium  salts  were  synthesized  in  the  process  illustrated  in 
Scheme  1.  LiBH4  (2M,  THF  solution)  3mL  (6  mmol)  dis¬ 
solved  in  lOmL  of  THF  was  dropped  with  PEGMME  350 


(4.200 g,  12 mmol)  diluted  with  lOmL  of  THF  at  —  78°C. 
The  mixture  was  allowed  to  recover  to  room  temperature 
slowly  and  stirred  for  4h.  The  reaction  mixture  was  then 
added  dropwise  to  CF3COOH  (1.368  g,  12  mmol)  solution  in 
10  mL  of  THF  at  —78  °C.  After  recovered  to  room  temper¬ 
ature,  the  solution  was  stirred  for  another  12  h.  The  solvent 
was  removed  by  heating  at  70  °C  under  reduced  pressure  for 
24  h.  A  clear  viscous  liquid,  Salt  A (n  =  7.2),  was  obtained. 
Complete  reaction  of  alcohols  was  confirmed  by  the  absence 
of  -OH  in  IR  spectra.  Analytic  results  were  as  follows: 

FT-IR  (As2Se3  disc):  2876  cm"1  (C-H),  1714  cm"1 
(C=0),  1468  cm"1  (CH20),  1206  cm"1  (C-F), 

1112  cm"1  (C-O). 

*H  NMR  (300  MHz,  DMSO-d6):  3.83  ppm  (t,  CH2OB), 
3.51  ppm  (s,  CH2CH2O),  3.24 ppm  (s,  CH30). 

In  the  same  way,  Salt  A (n  =  3)  and  Salt  A (n  =  11.8) 
which  contain  different  length  of  oligo(ethylene  oxide) 
chains,  appeared  as  viscous  liquids  at  room  temperature, 
were  obtained. 

Salt  B (n  =  3,  7.2,  11.8)  were  synthesized  using  the  same 
method  above  described  by  substituting  CF3COOH  with 
C6F5OH.  They  all  appear  as  viscous  liquids  at  room  temper¬ 
ature.  Analytic  results  of  Salt  Bin  =  7.2)  were  as  follows: 

FT-IR  (As2Se3  disc):  2878cm"1  (C-H),  1474cm"1 
(CH20),  1507  cm"1  (C6F5),  1109  cm"1  (C-O). 

*H  NMR  (300  MHz,  DMSO-d6):  3.85  ppm  (t,  CH2OB), 
3.53  ppm  (s,  CH2CH2O),  3.25  ppm  (s,  CH30). 

Lithium  aluminates,  designated  as  Salt  C (n  =  3,7.2,  11.8) 
and  Salt  D (n  =  3,7.2,  11.8)  were  synthesized  using  the 


Li 


-0.346 


f3 

r° 

o 
l 


-0.389 


h3c4  oh2ch2c}^  o— b— o  4  ch2ch2o  4ch2 

/  °  \ 

0.485  I  -0.448 

C=0 


CFq 


Lf 


-0.380 


?  / 


-0.461 


H3C-(  OHjCHjC)^  o  b— o-f  ch2ch2o-^ch3 

./? 


0.483' 


c6f5 


Salt  A(n) 


Salt  B(n) 


CF, 


Li 


.+ 


-0.444 


r° 


■0.410 


O 


H3c-f  OH2CH2c)^  O — Al~  o  4  CH2CH20  4  CH' 

'yA  \ 

0.955  I  -0.552 

c=o 


CF, 


-0.432 


-0.556 


QF5 

A  /' 

H3C-f  O^CH2c)^  O  AF  O-f  CHjCHjO^CH, 

./? 


0.956 


Qf5 


Salt  C(n) 


Salt  D(n) 


Fig.  1.  Structures  of  synthesized  lithium  borates  and  lithium  aluminates  and  partial  charges  on  oxygen  atoms  obtained  in  MOPAC  calculation  using  PM5 
parameter. 


R.  Tao  et  al.  / Journal  of  Power  Sources  135  (2004)  267-272 


269 


same  method  and  were  reported  by  our  laboratory  before 
[23].  The  structures  of  the  synthesized  lithium  salts  are 
presented  in  Fig.  1. 

2.2.  Characterization 

IR  was  recorded  on  a  Jasco  FT/IR-7000  IR  spectrometer. 

NMR  spectra  of  samples  in  DMSO-d6  using  TMS  as 
internal  reference  were  obtained  on  a  JEOL  JNM-AL300 
FT-NMR  spectrometer.  Thermal  behaviors  of  lithium  salts 
were  determined  by  differential  scanning  calorimeter  (DSC) 
using  a  Perkin-Elmer  Pris  1  DSC.  Heat-cool-reheat  cycles 
were  performed  at  a  rate  of  10  °C/min  in  a  temperature  range 
from  —100  to  150  °C.  All  thermal  events  were  reported  for 
the  reheating  cycle.  The  value  of  glass  transition  temperature 
(Tg)  was  obtained  from  the  onset  of  glass  transition  process. 

Ionic  conductivities  of  electrolytes  sandwiched  between 
stainless  steel  blocking  electrodes  were  determined  by  ac 
impedance  measurement  in  the  frequency  of  1  MHz  to  1  Hz 
using  a  solartron  1260  frequency  response  analyzer  and 
1287  electrochemical  interface.  Lithium  ion  transference 
numbers  (7^)  were  measured  for  samples  sandwiched  be¬ 
tween  non-blocking  lithium  electrodes  using  the  combined 
ac  impedance/dc  polarization  method  of  Evans  [24]  mod¬ 
ified  by  Abraham  [25].  The  electrochemical  stabilities  of 
lithium  salts  were  determined  by  cyclic  voltammetery  using 
a  solartron  1287  electrochemical  interface  at  a  scan  rate  of 
10  mV/s.  Stainless  steel  was  used  as  working  electrode,  and 
lithium  as  counter  and  reference  electrode. 

Using  CAChe  5.0  (Fujitsu),  the  structures  of  chemical 
samples  were  refined  by  performing  a  pre-optimization  cal¬ 
culation  in  Mechanics  using  Augmented  MM3  parameter, 
followed  by  an  optimize  geometry  calculation  in  MOPAC 
using  PM5  parameter.  The  partial  charges  were  calculated 
for  the  samples  in  such  optimized  geometries. 

3.  Results  and  discussion 

Salt  A (n  =  3,  7.2,  11.8)  and  Salt  B (n  =  3,  7.2,  11.8)  are 
very  viscous  liquids  at  room  temperature.  Salt  A (n  =  11.8) 


Fig.  2.  Arrhenius  curves  for  Salt  A (n  =  3,7.2,11.8)  and  Salt 
C(n  =  3,  7.2,  11.8).  The  solid  lines  are  nonlinear  least-squares  fits  of  the 
VTF  equation  to  the  experiment  data. 


and  Salt  B (n  =  11.8)  appear  as  waxy  solids  at  low  temper¬ 
ature  (<20  °C).  Thermal  events  of  these  lithium  borates  ob¬ 
tained  from  DSC  measurement  at  a  scan  rate  of  10°C/min 
are  summarized  in  Table  1. 

Temperature  dependence  of  ionic  conductivities  for  Salt 
A  and  Salt  B  is  illustrated  in  Figs.  2  and  3.  For  both  Salt  A 
and  Salt  B  electrolyte  systems,  optimum  ionic  conductivities 
are  observed  for  the  borates  with  oligoether  chains  contain¬ 
ing  an  average  of  7.2  EO  repeating  units  (-CH2CH2O-).  In 
a  typical  EO  chain  containing  lithium  ion  conducting  elec¬ 
trolyte,  conductivity  is  mainly  decided  by  two  factors:  mo¬ 
bility  of  ions  here  dependent  on  the  motion  of  EO  chains, 
and  the  number  of  charge  carriers.  Salt  A (n  =  3)  and  Salt 
B (n  =  3)  contain  high  concentration  of  charge  carriers, 
but  large  number  of  lithium  ions  which  complex  with  oxy¬ 
gen  atoms  in  EO  chains  during  transference  will  remark¬ 
ably  stiffen  ether  chains  reflected  in  higher  Tg,  low  ionic 
conductivities  were  obtained.  With  the  increase  of  the  num¬ 
ber  of  repeating  EO  units  to  n  =  7.2,  high  mobility  EO 
chains  were  obtained  and  enough  lithium  ion  transference 
pathways  were  formed,  which  led  to  high  ionic  conductiv¬ 
ity.  Further  increase  of  the  length  of  ether  chains  leading  to 


Table  1 


Thermal  characteristics  and  VTF  parameter  data  for  lithium  salts 


Lithium  salts 

EO:Li+ 

7g(K) 

7m(K) 
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cr0  ( K  !/2  S/cm) 

B  (K) 
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222.0 
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172.0 
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2.46 
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0.42 

907 
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6 
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— 

184.7 

10.16 

1393 

Salt  B(rc  =  7.2) 

14.4 

220.5 

— 
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2.36 
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23.6 
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177.7 

0.57 
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Fig.  3.  Arrhenius  curves  for  Salt  B (n  =  3,7.2,11.8)  and  Salt 
D (n  =  3,  7.2,  11.8).  The  solid  lines  are  nonlinear  least-squares  fits  of 
the  VTF  equation  to  the  experiment  data. 


the  decrease  of  the  number  of  charge  carriers  explained  the 
depression  of  ionic  conductivities  for  Salt  A (n  =  11.8)  and 
Salt  B (n  =  11.8).  Salt  A (n  =  7.2)  exhibited  conductivity  as 
high  as  4.5  x  10-5  S/cm  at  room  temperature  (30  °C)  and 
achieved  1.1  x  10~4  S/cm  at50°C.  At— 10°C,  conductivity 
can  also  be  measured  as  1.5  x  10-6  S/cm. 

Since  Salt  A (n  =  7.2,  11.8)  and  Salt  B (n  =  7.2,  11.8) 
exhibit  lower  Tg  than  Salt  A (n  =  3)  and  Salt  B(n  =  3),  re¬ 
spectively,  better  performance  in  conductivity  at  low  temper¬ 
ature  should  be  observed  for  these  long  ether  chain  contain¬ 
ing  lithium  borates.  Salt  A (n  =  1.2)  and  Salt  B(n  =  7.2)  are 
more  conductive  at  low  temperature  as  expected.  Whereas, 
the  conductivities  of  Salt  A (n  =  11.8)  and  Salt  B (n  =  1 1.8) 
are  still  lower  than  those  of  Salt  A (n  =  3)  and  Salt  B (n  = 
3)  at  10  °C.  It  can  be  ascribed  to  the  crystallization  of  the 
long  ether  chain  containing  lithium  borates.  Endothermic 
peaks  were  observed  in  DSC  measurement  for  these  two 
salts  with  the  corresponding  Tm  of  19.2  and  18.6  °C,  respec¬ 
tively.  Since  lithium  ion  transference  mainly  takes  place  in 
amorous  phase,  a  sharp  drop  in  ionic  conductivity  was  ob¬ 
tained,  which  can  be  extensively  seen  in  typical  PEO-LiX 
electrolyte  systems. 

Lithium  borates  exhibiting  higher  ionic  conductivities 
than  corresponding  lithium  aluminates  can  be  obviously 
seen  in  Figs.  2  and  3.  In  some  cases,  more  than  one  order 
of  magnitude  higher  conductivities  were  determined  for 
lithium  borates  than  for  lithium  aluminate  counterparts.  It 
was  explained  by  the  results  of  geometry  calculation  of 
lithium  salts  in  MOPAC  using  PM5  parameter.  Ate  com¬ 
plex  center,  B  or  Al,  does  not  exhibit  negative  charge,  but 
positive  charge.  The  negative  charge  of  the  anion  was  dis¬ 
persed  on  oxygen  atoms  around  the  ate  complex  center. 
Formation  of  Li+  •  •  •  O  ion  pairing  structure  (Fig.  4)  was 
confirmed  by  MOPAC  calculation.  Therefore  the  dissociat¬ 
ing  ability  of  the  salt  is  dependent  on  the  electron  donating 
abilities  of  O,  i.e.  partial  charges  on  O.  The  calculation  re¬ 
sults  are  presented  in  Fig.  1 .  Oxygen  atoms  around  the  ate 
complex  center  in  Salt  A (n)  and  Salt  B(^)  exhibit  smaller 


Fig.  4.  Ion  pairing  structure  formed  between  lithium  ions  and  oxygen 
atoms  in  Salt  A. 


partial  charges  than  counterparts  in  Salt  C(n)  and  Salt  D(^). 
Weaker  ion  pairing  structures  between  Li+  and  O  in  lithium 
borates  are  believed,  which  lead  to  higher  concentration 
of  charge  carriers  and  result  in  higher  ionic  conductivity. 
Stronger  electronegativity  of  B  than  Al  accounts  for  the 
smaller  partial  charges  on  O  in  lithium  borates. 

The  To  values  suggest  that  all  lithium  borates  are  in 
completely  amorous  matrices  within  the  temperature  range 
studied  (as  to  Salt  A (n  =  11.8)  and  Salt  B (n  =  11.8), 
7^25  °C).  They  may  be  described  by  the  empirical 
Vogel-Tammann-Fulcher  (VTF)  equation  [26-28]. 

where  o0  and  B  are  constants,  T0  is  “equilibrium  glass  tran¬ 
sition  temperature”,  at  which  the  free  volume  disappears.  It 
is  generally  estimated  to  be  about  50  °C  below  Tg  ( T0  = 
Tg  —  50  K)  during  fitting  process.  The  experiment  data  fit¬ 
ting  well  to  VTF  equation  implies  that  ionic  conduction  in 
Salt  A  and  Salt  B  is  related  to  segmental  motion  of  the  oli- 
goether  chains.  VTF  fitting  results  for  lithium  borates  and 
lithium  aluminates  are  summarized  in  Table  1. 

The  VTF  parameter,  a0 ,  relates  to  the  number  of  mobile 
charge  carriers  in  the  electrolyte  system.  An  increase  in  ion 
concentration  should  correspondingly  lead  to  an  increase  in 
a0.  With  the  decrease  of  the  length  of  ether  chains,  o0  does 
increase  for  both  lithium  borates  and  lithium  aluminates.  Pa¬ 
rameter  B  is  often  considered  as  the  pseudo- activation  en¬ 
ergy,  representing  the  energy  necessary  for  creating  enough 
free  volume  for  ion  conduction.  An  increase  in  B  by  in¬ 
corporation  of  shorter  EO  chains  in  both  lithium  borates 
and  lithium  aluminates  is  obviously  seen.  It  can  be  ascribed 
to  the  increased  number  of  pseudo-crosslinking  structures 
formed  between  lithium  cations  and  EO  chains  (Fig.  5)  dur¬ 
ing  lithium  ion  transference  which  contribute  to  the  stiffen¬ 
ing  of  segmental  motion.  High  concentration  of  lithium  ions 


Fig.  5.  Pseudo-crosslinking  structures  formed  between  lithium  ions  and 
EO  chains  in  lithium  borates. 
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Fig.  6.  The  values  of  a0  and  B  obtained  from  VTF  fitting  process  for 
lithium  salts. 


will  lead  to  low  mobility  of  EO  chains.  The  values  of  B  in 
Table  1  are  of  the  same  magnitude  as  those  reported  for  PEO 
systems  [29].  Salt  A(n)  shows  much  larger  o0  than  corre¬ 
sponding  Salt  C(n )  (Fig.  6),  which  implies  that  higher  con¬ 
centration  of  charge  carriers  exists  in  lithium  borates  than 
in  lithium  aluminates.  Since  no  big  difference  in  mobility  of 
ether  chains  was  observed  for  these  two  systems  (similar  B 
and  Tg,  Fig.  6),  much  higher  conductivities  were  obtained 
for  lithium  borates.  Because  of  the  close  molecular  weights 
of  Salt  A (n)  and  Salt  C(^),  larger  number  of  charge  carriers 
in  Salt  A(n)  is  believed  to  be  the  result  of  its  higher  dissoci¬ 
ating  ability,  i.e.  looser  complex  between  Li+  and  O  around 
the  ate  complex  center  existing  in  lithium  borates.  This  con¬ 
clusion  from  the  VTF  fitting  results  is  in  accordance  with 
that  obtained  from  MOPAC  calculation  above  discussed. 

In  a  lithium  ion  conducting  electrolyte,  both  cations  and 
anions  may  contribute  to  the  total  conductivity.  A  concen¬ 
tration  gradient  of  the  ions  will  increase  in  dc  field  which 
leads  to  the  decrease  of  current  and  other  safety  problems 
[30] .  Therefore,  high  lithium  ion  transference  number  ( T f )  is 
greatly  favored  for  long  term  lithium  ion  secondary  batteries 
with  good  cycling  performance.  T+  of  synthesized  lithium 
borates  measured  at  70  °C  are  summarized  in  Table  2.  They 
are  extremely  higher  than  those  normally  observed  in  typi¬ 
cal  PEO-FiX  systems  (in  a  range  of  0. 2-0.4,  in  some  cases, 


Table  2 

Lithium  ion  transference  numbers  of  lithium  borates  at  70  °C 


Lithium  borates 

Lithium  ion  transference  numbers  (T+) 

Salt  A (n  =  3) 

0.68 

Salt  A (n  =  7.2) 

0.76 

Salt  A(n  =  11.8) 

0.82 

Salt  B(n  =  3) 

0.62 

Salt  B(n  =  7.2) 

0.70 

Salt  BO  =  11.8) 

0.75 

still  lower  than  0.1).  Salt  A (n  =  11.8)  exhibited  highest  T f 
value  of  0.82.  7+  of  Salt  A (n  =  3,  7.2)  were  determined 
to  be  0.68  and  0.76,  respectively.  Relatively  high  were 
also  observed  for  Salt  B (n  =  3,  7.2,  11.8).  It  can  be  found 
that,  for  both  Salt  A  and  Salt  B  systems,  was  enhanced 
with  the  increase  of  the  length  of  side  EO  chains.  It  was 
related  to  the  decrease  of  the  mobility  of  the  anions.  In  ad¬ 
dition,  it  should  be  realized  that,  although  the  volume  of 
the  anion  of  Salt  A (n  =  3)  is  much  smaller  than  that  of 
Salt  A (n  =  11.8),  T+  has  not  been  greatly  decreased  as  ex¬ 
pected.  Some  other  factors  which  contribute  to  the  high  T f 
of  lithium  borates  are  believed.  As  we  discussed  above,  the 
movement  of  lithium  ions  in  lithium  borates  is  prompted  by 
the  motion  of  EO  segments.  Lithium  ion  may  complex  with 
oxygen  atoms  in  EO  chains  during  transference  to  form  a 
psedo-crosslinking  structure  (Fig.  5).  Although  this  structure 
is  not  very  stable  and  changes  with  the  associate-dissociate 
process  of  Li+  •  •  •  O,  it  still  may  connect  the  anions  into  rel¬ 
atively  large  net  work  structures  which  lead  to  further  de¬ 
pression  of  the  mobility  of  anions. 

A  knowledge  of  electrochemical  stability  window  is 
necessary  for  successful  performance  of  an  electrolyte  in 
charge-discharge  cycles.  Fig.  7(a)  and  (b)  show  the  cyclic 
voltammetery  of  Salt  A (n  =  7.2)  and  Salt  B (n  =  7.2) 
obtained  at  a  sweep  rate  of  10  mV/s  at  room  temperature. 
A  cathodic  peak  verified  between  1.0  and  2.0  V  for  Salt 
B (n  =  7.2)  is  probably  due  to  the  reduction  of  products 
formed  in  oxidation  process  because  it  is  not  observed  in 
down- scans  that  starts  at  the  voltage  below  the  oxidation 
limit.  The  peaks  appeared  between  0.5  and  —0.5  V  in  both 


(a)  E  (V)  Li/Li+ 


(b)  E  (V)  vs  Li/Li+ 


Fig.  7.  Cyclic  voltammetery  of  lithium  borates  at  a  scan  rate  of  10  mV/s.  Working  electrode:  stainless  steel;  counter  and  reference  electrode:  Li.  (a)  Salt 
A  in  =  7.2);  (b)  Salt  B  (n  =  7.2). 
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voltammograms  are  attributed  to  the  plating  and  stripping 
of  lithium.  On  the  anodic  side,  peaks  corresponding  to  the 
oxidation  of  anions  were  observed.  The  anodic  potential 
limits  for  these  two  lithium  salts  were  determined  to  be 
around  4.1V,  which  ensured  the  safe  application  of  these 
borates  in  normal  lithium  ion  secondary  batteries. 

4.  Conclusion 

Two  types  of  lithium  borates  containing  oligoether  chains 
and  electron  withdrawing  groups,  CF3COO-  or  C6F5O-, 
were  prepared.  Optimum  conductivities  were  obtained  for 
the  salts  with  oligoether  chains  in  the  length  of  7.2  repeating 
EO  units.  High  ionic  conductivity,  4.5  x  10“5  S/cm  at  30  °C, 
was  determined  for  Salt  A (n  =  7.2).  Lithium  borates  exhib¬ 
ited  much  higher  conductivities  than  corresponding  lithium 
aluminates  due  to  the  weaker  ion  pairing  structures  between 
Li+  and  oxygen  atoms  in  borates,  which  was  proved  by  the 
partial  charges  on  oxygen  atoms  obtained  in  MOPAC  cal¬ 
culation.  The  transference  of  ions  in  the  lithium  salts  was 
related  to  the  segmental  motion  of  EO  chains  and  can  be 
demonstrated  by  VTF  equation.  The  conditions  of  ion  mo¬ 
tion  were  described  by  VTF  parameters,  cr0  and  B.  Larger 
number  of  charge  carriers  in  lithium  borates  than  in  lithium 
aluminates  was  revealed  by  the  values  of  cr0.  Salt  A  and 
Salt  B  showed  much  higher  lithium  ion  transference  num¬ 
bers  than  normal  PEO-LiX  systems.  The  potential  windows 
of  the  salts  are  also  satisfactory.  The  battery  performance  of 
the  lithium  borates  is  under  studying  and  will  be  reported 
separately. 
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